Cholera is an infectious disease of major concern in Vietnam and other Asian countries. In 2009, there was a large outbreak of cholera in northern Vietnam. To investigate relationships among isolates of the causative pathogen Vibrio cholerae in this region since 2007, we carried out a multilocus variable-number tandem repeat analysis (MLVA) of 170 isolates collected between 2007 and 2009. A total of 24 MLVA types were identified using seven loci. Five clones (1-5) were identified using five loci of the large V. cholerae chromosome; clones 1 and 2 were major, and the others were minor. Clone 1 isolates were responsible for the 2009 outbreak. A shift in the predominant clone occurred between 2007 and 2009, with clone 1 likely derived from clone 2. Moreover, the former was less diverse than the latter, suggesting a single source of cholera dissemination. Epidemiological data indicated a wavelet prior to the large outbreak, suggesting that drinking water source or food chain became contaminated during dissemination. Our results reveal the utility of MLVA for analysis of V. cholerae isolates within a relatively short period and broaden our understanding of its transmission and response to cholera.
INTRODUCTION
Cholera is an acute, bacterial gastroenteric disease caused by toxigenic Vibrio cholerae O1/O139 strains . It is one of the most prevalent infectious diseases in regions where there is limited access to clean water. There have been seven pandemics of cholera since 1817 (Harris et al., 2012) . The current and seventh pandemic began in 1961; although it was initially caused by the V. cholerae O1 El Tor biotype, the V. cholerae O139 type was detected in 1993 (Chongsa-nguan et al., 1993; Garg et al., 1993; Albert et al., 1993; Ramamurthy et al., 1993) and variants of V. cholerae O1 El Tor emerged in the 1990s (Ansaruzzaman et al., 2004; Nair et al., 2006; Raychoudhuri et al., 2008; Safa et al., 2008; Morita et al., 2010) . Genome analyses have shown three waves of epidemics by V. cholerae O1 El Tor and El Tor variants to date (Mutreja et al., 2011; Kim et al., 2014a, b) . Strains in the third wave with the cholera toxin (CTX)-3 phage have displaced the original El Tor with the CTX-1 phage in Asian countries. Since 2007, there have been several reports of cholera outbreaks or endemic cases caused by wave 3 strains in Southeast Asia (Ang et al., 2010; Okada et al., 2010; Choi et al., 2010) . In Vietnam, about 20 000 cases were reported in 1964 at the beginning of the seventh pandemic of cholera; the early 1990s saw around 5000 cases per annum of cholera caused by V. cholerae O139; and in 2007, there was a large outbreak in northern Vietnam involving 1880 cases (World Health Organization, 2008 ) that were presumably caused by wave 3 strains (Nguyen et al., 2009; Choi et al., 2010) MLVA is a discriminatory and useful molecular epidemiological tool for studying the genetic relatedness of bacterial isolates based on the variability of VNTRs at multiple loci; the method has advantages for assessing short-term transmission of bacterial infectious diseases such as cholera (Choi et al., 2010; Moore et al., 2015) . Our findings can aid in the surveillance of cholera in Vietnam and other countries where the disease is endemic.
METHODS
Bacterial isolates. A total of 170 isolates were used in this study (Table 1) . Of these, 163 were from humans living in 16 Vietnamese provinces in 2007-2009 (n=23 in 2007, n=37 in 2008 and n=103 in 2009) ; seven were of non-human origin collected in 2009: one was from river water in Hanoi and six were from dog-associated samples (three from dog meat for consumption, two from dog stools in Hanoi and one from a bowl of water for dogs in the Thanh Hoa province).
MLVA. MLVA of V. cholerae isolates was carried out using seven previously described loci (Danin-Poleg et al., 2007) . Five (VC-1, 2, 3, 5 and 6) and two (VC-7 and 8) were on the large and small chromosomes of V. cholerae, respectively. Details regarding the loci and PCR primers used for amplification have been previously published . Total DNA was extracted from a few fresh colonies by suspending in 100 µl distilled water or Tris/EDTA buffer composed of 10 mM Tris (pH 8.0) and 1 mM EDTA (pH 8.0). After boiling for 10 min, the suspension was centrifuged at 14 000 g for 5 min, and the supernatant was transferred to a fresh microfuge tube. One microlitre of this supernatant was used as the template for PCR in a 15 µl reaction volume prepared using Qiagen multiplex PCR kit (Qiagen). Reaction conditions were as follows: 95 C for 15 min; 35 cycles of 95 C for 20 s, 60 C for 90 s and 72 C for 60 s; and 72 C for 10 min. PCR products were resolved with an ABI 3130 Genetic Analyzer (Applied Biosystems), and band sizes were determined using GeneMapper software (Applied Biosystems) and converted to a repeat copy number. The null allele (i.e. with no amplified products detected) was designated as À2 (Hyytia-Trees et al., 2006) . Repeat copy numbers were analysed using a minimum spanning tree algorithm with BioNumerics v.7.5 software (Applied Maths). Cluster analyses using loci on the large chromosome only and using all seven loci were designated as MLVA5 and MLVA7, respectively. An MLVA type and MLVA clone indicated identical MLVA7 and MLVA5 patterns, respectively.
Map drawing. The map in this study was obtained from the International Steering Committee for Global Mapping (https://www.iscgm.org/ gmd/). Data were imported and analysed with MANDARA software (http://ktgis.net/mandara/).
RESULTS
A cholera outbreak occurred in the fourth quarter (October) of 2007 (4Q07). Isolates from 4Q07 were collected from six provinces, with the majority of cases occurring in Hanoi province (Table 1 and Fig. S1 , available in the online Supplementary Material). In each quarter in 2008, several cases were observed in eight provinces. Although there were no cases reported in the first quarter of 2009 (1Q09), there was another large outbreak in the second quarter of 2009 (2Q09) involving 11 provinces, with 50 % of cases occurring in the Bac Ninh province (Table 1 ).
The MLVA in this study was based on seven loci, of which five and two were located in the large and small chromosomes of V. cholerae, respectively. As the former were presumed to change more slowly than the latter, we first analysed the isolates using the five loci of the large chromosome (MLVA5), which can be used for classifying the isolates more broadly (Choi et al., 2010) . We identified five MLVA5 types (hereafter referred to as clones; Table 2 ). Clone 1 was predominant (n=121), followed by clone 2 (n=45); clones 3, 4 and 5 were minor (n=2, 1 and 1, respectively). We next analysed the isolates, using all seven loci (MLVA7) to clarify their interrelationship. We identified a total of 24 types among the 170 isolates (Table 2) . MLVA types were designated as a combination of MLVA5 clone and MLVA7 type, e.g. 1-01. A minimum spanning tree using MLVA7 is shown in Fig. 1 . Clones 1 and 2 consisted of 11 and 10 MLVA7 types, respectively. MLVA types #1-01 and #2-01 were predominant for clones 1 and 2, respectively (#1-01: 95/121 or 78 % of isolates and #2-02: 26/45 or 58 % of isolates). The two MLVA types differed at three loci, since #2-08 was a single-locus variant of #2-04 (Table 2) Examination of the geographical distribution revealed that the 4Q07 cholera outbreak in Hanoi was caused by clone 2 strains. In 2008, small clusters of cholera were caused by clone 1 and 2 isolates in a dispersed manner. After inactivity in 1Q09, another large outbreak occurred in 2Q09 in the Bac Ninh province adjacent to Hanoi that was attributed to clone 1 strains. The temporal and geographical distributions indicated that clone 2 genotypes were replaced by those of clone 1.
An epidemic curve of the 2Q09 outbreak is shown in Fig. 3 . The index case was identified in Hanoi in April 2009; the corresponding isolate was #1-01. A few weeks later, 36 cases were recorded in seven provinces over a period of 2 weeks from the beginning of May 2009 (first wavelet), followed by a peak (n=21) on 18 May 2009 mainly in the Bac Ninh province next to Hanoi. In a survey during the first wavelet, four #1-01 and two #1-06 strains were isolated from dogassociated samples; of these, five were isolated in Hanoi, and one #1-01 strain was isolated from river water in Hanoi.
DISCUSSION
In this study, we applied MLVA as a molecular epidemiological tool (Lam et al., 2012; Zhou et al., 2013; Abd El Ghany et al., 2014; Moore et al., 2015; Nguyen et al., 2016) to study relatively brief cholera epidemics in northern Vietnam from 2007 to 2009. Relationships among cholera isolates during this period were mapped by MLVA. Using MLVA5 to broadly classify the isolates, we found that clone 2 was replaced by clone 1 during the latest outbreak. Although the five MLVA clones examined in this study were closely related, the clone 1 variant was maintained during 2009. This supports a previous report that VNTR loci on the large chromosome of V. cholerae are relatively stable (Choi et al., 2010) and suggests the usefulness of MLVA5 for the time frame of this study. Analysis of MLVA7 revealed relationships among isolates in greater detail, including the possibility of clone shifting through #2-08 or #2-10 strain. Putative transmission via #2-08-#1-01 occurred in March 2008, while another potential route (via #2-10-#1-02) emerged in April 2008 according to the isolation date. We could not identify the exact route of transmission in this study. However, real-time molecular epidemiological analyses in an ongoing cholera epidemic can provide a basis for understanding transmission routes in a future work.
In this study, we determined that the large outbreak of cholera in Bac Ninh province in 2Q09 consisted of two phases: a small wavelet that began in April 2009, followed by a large peak in May 2009. This suggests that drinking water or the food chain became contaminated by the causative agent -a clone-1-like strain -during initial wavelet transmission, although this point could not be identified. It has been reported that dogs were a vehicle for cholera transmission in 2Q09 (Ngo et al., 2011) . During the period of the initial wavelet, clone 1 strains were also isolated from dogassociated samples such as meat and faecal swabs; their MLVA types were #1-01 and #1-06. The former, which was predominant, was also isolated from a river water sample in the same period. Real-time surveillance combined with molecular epidemiological typing is required in order to determine how these contaminated samples contributed to spread of cholera in the human population.
Clone 1 was less diverse than clone 2, although the numbers of MLVA types of each clone were comparable (11 and 10, respectively; Table 2 ). The period of the cholera outbreak in 4Q07 spanned from late October to the beginning of November 2007, which was the same length of time as the outbreak of 2Q09, in which 78 % of isolates showed a single MLVA type (#1-01) that appeared to be the sole source. In contrast, #2-01 accounted only for 58 % of clone 2 isolates, suggesting that multiple variants of the strains emerged in 4Q07. This also supports the hypothesis that either drinking water or the food chain was contaminated by V. cholerae. Lastly, MLVA showed that clones 1 and 2 were related. The former emerged after and was thus likely derived from the An MLVA5 profile for VC-1, -2, -3, -5 and -6 loci of [10, 6, X, X, 7 ] -where X is variable -was frequently observed in Vietnam and other southeast Asian countries in (Choi et al., 2010 Okada et al., 2010) . Clone 2 strains with an MLVA5 profile of [10, 6, À2, 4, 7] in this study were identified in a 2010 survey of southern Vietnam and Laos (Sithivong et al., 2011; Nguyen et al., 2016) . Although data for VC-3 and -5 loci are limited, clone 1 strains may be unique in northern Vietnam, while clone 2 strains disseminate more widely and with greater diversity, which may have led to the 2010 epidemic in southern Vietnam. Our analysis provides baseline data for future epidemiological studies and validates the use of MLVA for surveillance of cholera dynamics so that transmission to and among humans can be minimized.
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